When a gauge theory with gauge group G is broken by a dynamical condensate C A that transforms nontrivially under G, with covariant derivative (D µ C) A , the leading derivative
In studying further unification of the standard model at higher energies, the possibilities available for model building are closely intertwined with the possible symmetry breaking mechanisms for gauge theories. Standard grand unification approaches assume symmetry breaking to the standard model by the Higgs mechanism, while "technicolor" approaches are based on Goldstone mode chiral symmetry breaking of the technicolor force, both in analogy with familiar phenomena within the standard model. Clearly, if alternative symmetry breaking pathways for gauge theories were to exist, these could lead to new approaches to constructing extensions of the standard model.
In this note we shall discuss possibilities that arise when a non-Abelian gauge symmetry group G is spontaneously broken dynamically through the presence of a composite condensate C A , with
A the index of a non-trivial representation under G, that acquires a nonzero vacuum expectation value. The possibility of condensates in nontrivial gauge group representations has figured both in recent work on "color superconductivity" in high density quantum chromodynamics, and in earlier work on dynamical symmetry breaking in gauge theories [1] . We shall not attempt to address the difficult non-perturbative question of the dynamics of condensate formation, but rather will exploit the fact that once such a condensate is postulated, the classification of associated symmetry breaking phases can be undertaken by effective action methods, in analogy with the classic Ginzburg-Landau phenomenological treatment of superconductivity.
Let us start then, with a local gauge group G with gauge potential A jµ acting on some set of fermionic and bosonic gauge fields. To quantize this system, one must adopt a gauge fixing that breaks G down to a global symmetry; Elitzur's theorem [2] then permits spontaneous symmetry breaking of G to some subgroup H, with a composite C A of the underlying fields, that transforms non-trivially under G but as a singlet under H, obtaining a nonzero vacuum expectation. Associated with this spontaneous symmetry breaking will be the appearance of Goldstone modes, with quantum 3 numbers corresponding to those generators of G that lie outside the subgroup H.
To study the phases associated with the condensate, we will utilize the fact that, even though gauge fixing is necessary, it is possible to construct [3] a gauge invariant effective action Γ as a functional of the underlying fields and the condensate. Sufficiently near the phase transition leading to nonzero condensate, we can expand the effective action density as
A jµ C B the covariant derivative appropriate to the G transformation properties of C A , and with cubic and higher order terms in the covariant derivative not shown explicitly. When κ is positive the symmetry G breaks spontaneously to H. If C A were a fundamental field rather than a composite, the coefficient α of the covariant derivative term would have to be positive (in a 1, −1, −1, −1 metric convention). There would then be only one symmetry breaking phase, the conventional Higgs phase in which the gauge gluons corresponding to the broken generators of G become massive, with the corresponding Goldstone modes being transmuted into gauge gluon longitudinal components.
However, in the dynamical symmetry breaking case when C A is a composite, the coefficient α can have any sign or magnitude, and so there are three possible symmetry breaking phases corresponding to α positive, zero, or negative. The case of α positive corresponds to a Higgs phase with the characteristics just described, while the cases α = 0 ("null phase") and α negative ("tachyonic phase") correspond to possible new symmetry breaking phases. When α is negative, the minimum of the effective action leads to spatially modulated vacuum fields, violating Poincaré invariance [4] .
Although this case deserves careful study, and is analogous to the "spaghetti vacuum" discussed in connection with QCD, we will not consider it in detail in this Letter. The α = 0 case, on the other hand, is consistent with the conventional quantum field theory assumption of a Poincaré invariant vacuum state. Since this case is a relativistic analog of the Lifshitz point discussed in condensed matter physics [5] (which is the common boundary of a high temperature disordered phase, a spatially uniform ordered phase, and a spatially modulated ordered phase), we will call it the "Lifshitz phase".
In the Lifshitz phase, dynamical symmetry breaking does not lead to tree level mass terms for the gauge gluons, which continue to have massless propagators; the effect of symmetry breaking on the higher order terms denoted by ... in Eq. (1) takes the form of modifications to the gauge gluon vertices. Hence the Goldstone modes are not swallowed by the gauge gluons in this phase, but appear in the tree approximation as massless states in the physical spectrum. Those Goldstones that transform nontrivially under the maximal unbroken non-Abelian subgroup K of H will be confined, and will only appear in the physical spectrum through K-singlet composites, which we assume to also be scalars. Those Goldstones that are already K singlets can appear directly in the physical spectrum. In either case, if the resulting scalars have the right quantum numbers to be standard model Higgs bosons, a mechanism is provided to dynamically generate Higgs scalars with masses lying at a much lower energy scale than that associated with the original group G, giving a potential solution to the electroweak hierarchy problem.
It is widely assumed that the electroweak and strong forces of the standard model are unified in a larger semisimple gauge theory, from which the standard model is obtained as the end point of a symmetry breaking chain. If the Lifshitz phase is relevant at all, it is likely to occur at only one stage of this symmetry breaking chain, with other stages of symmetry breaking involving the usual Higgs phase. As a warmup example in searching for applications of the Lifshitz phase, let us consider the breaking of minimal SU(5) to the standard model,
under which the adjoint 24 of SU(5) decomposes [6] as
If a Lifshitz phase condensate were responsible for this symmetry breaking, then there would be residual Goldstone bosons with quantum numbers corresponding to the broken SU (5) generators, that is a (2, 3)(−5) and a (2, 3)(5). Since these form a color SU(3) triplet and antitriplet respectively, they can only appear in the spectrum through their color singlet bound states. From 3 × 3 × 3 and 3 × 3 × 3 we get color singlet SU(2) doublets and quartets, which have respective U(1) charges −15
and 15, while from 3 × 3 we get a color singlet SU(2) singlet and triplet, both with U(1) charge 0. None of these cases correspond to the correct U(1) charge for the standard model Higgs SU (2) doublet, which belongs to a 5 of SU (5) and so is a color singlet SU(2) doublet, with U(1) charge 3 (or for its charge conjugate, −3). So we conclude that we cannot dynamically generate the Higgs by invoking a Lifshitz phase in SU(5).
For unification in the exceptional groups E 6 and E 8 , things look more promising. We consider first the case of E 6 , with the symmetry breaking chain E 6 ⊃ SO ( We consider next the case of E 8 . Under the symmetry breaking chain E 8 ⊃ SU(3) × E 6 , the adjoint 248 of E 8 (which is also the fundamental of E 8 ) decomposes as 248 = (8, 1) + (1, 78) + (3, 27) + (3, 27) .
If a Lifshitz phase condensate were responsible for this symmetry breaking, then there would be residual real Goldstone bosons with quantum numbers corresponding to the broken E 8 generators, that is a (3, 27) and a (3, 27) . Since in E 8 grand unification [7] the left handed fermions are also in a 248 representation, the Goldstone bosons arising in the Lifshitz phase contain three copies of the standard model complex Higgs, provided that the SU(3) gauge symmetry appearing in the decomposition E 8 ⊃ SU(3) × E 6 is completely broken.
As noted by Baaklini [7] and Bars and Günaydin [7] , a particularly appealing feature of the E 8 unified gauge theory constructed from gauge gluons and left-handed fermions in the 248 representation is that it is automatically supersymmetric. If the SU(3) factor in the decomposition to E 6 is taken as a flavor symmetry [8] , and is assumed to be completely broken, then the decomposition of Eq. (4) applied to the fermions gives three families of E 6 27's, and three conjugate families, which via the E 6 breaking chain to SO(10) leads to an SO(10) model containing three families and three mirror families [9] . In the absence of scalar exchange forces, the three families and three mirror families would be expected to form a singlet condensate, and develop GUT scale masses. However, we will show in detail below that scalar exchange can make the singlet channel repulsive, with the consequence that the three families and three mirror families can remain massless down to electroweak energies. Thus, if E 8 were dynamically broken by a condensate in the Lifshitz phase, it may be possible to unify the entire standard model, including its family replication, into one E 8
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Yang-Mills supermultiplet. The suggested hierarchy of gauge breakings would be
with breaking from SO(10) proceeding either through SU(5) or through the SU(2)×SU(2)×SU(4).
We close with remarks directed at a more detailed understanding of this symmetry breaking chain:
1. We begin by reviewing some familiar facts concerning exchange forces and running couplings.
We recall that with like charges at the two vertices, vector gluon exchange is repulsive, whereas scalar gluon and graviton exchange are attractive. For exchange of a vector gluon in the adjoint representation between constituents labeled 1 and 2, the potential is [10]
with C c , C 1 , C 2 the quadratic Casimir operators for the combined and constituent systems. The repulsive nature of vector exchange reflects itself in the fact that the potential in Eq. (6a) becomes increasingly repulsive as C c grows, and so the most attractive channel is the one with the smallest possible combined system Casimir and group representation. Consider now the exchange of a scalar gluon in the adjoint representation; the analog of Eq. (6a) is now
and the most attractive channel will be the one with the largest possible combined system Casimir and group representation. For exchange of a singlet gluon (or a graviton), the potential is attractive and independent of the combined system representation; we conjecture that for exchange of a scalar in a representation larger than the singlet, the pattern is qualitatively the same as for adjoint exchange, so that formation of composites with the largest possible Casimir will be favored.
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In addition to these systematics of potentials, we will need the standard formula for the Yang-
where ℓ is the index given in the Slansky tables [6] .
2. We now apply these considerations to the first stage of the symmetry breaking chain of 3. The Lifshitz phase scenario gives a mechanism for producing massless Goldstone bosons with the quantum numbers of the standard model Higgs; an additional mechanism is needed at the lowest energy end of the symmetry breaking chain to give these bosons (and their partners with other quantum numbers) masses at the electroweak scale. We suggest two possibilities. The first is that the relevant high energy phase may not be the Lifshitz phase but the "tachyonic phase", which could manifest itself by converting the Goldstone bosons to pseudo-Goldstone bosons; however, then one would need yet another mechanism to explain the large hierarchy between the electroweak and Planck scales. A more conventional possibility is that the Lifshitz phase massless neutral Higgs, which produces an attractive force when exchanged between t and t, contributes to the formation of a top condensate by supplementing the forces usually assumed in top condensate models. Since the top condensate has the same quantum numbers as the massless neutral Higgs, mixing of the condensate with the Higgs would give the Higgs a nonzero vacuum expectation and trigger electroweak symmetry breaking [11] . (The same mechanism could also work with the mirror fermions arising from the 27 of E 6 playing the role of the t.) Furthermore, φ 4 couplings involving two neutral Higgs fields and two fields of any of its partners with other quantum numbers, will give these partners electroweak scale masses once the neutral Higgs acquires a nonvanishing vacuum expectation.
Let us consider next the intermediate stages of the symmetry breaking chain of Eq. (5) and
its prolongations down to the standard model. The "tumbling" scenario [12] , i.e., the suggestion that scalar composites formed at each level of symmetry breaking trigger the next stage of symmetry breaking, is very appealing. However, its realization has been impeded by the fact that the most attractive channel rule for vector gluon exchange favors the formation of composites in small representations, rather than the large representations typically needed to break larger gauge symmetries.
Here the presence of massless Goldstones arising from the first stage of symmetry breaking can make a decisive difference, since the exchange of these scalars leads to attractive forces between fermions and between bosons, with formation of composite condensates in large group representations favored [13] . Scalar exchange can trigger either the formation of fermion-fermion, or scalar-scalar, composites, which can then produce the requisite gauge symmetry breaking. We give a few examples. The breaking E 6 ⊃ SO(10) × U(1) can be triggered by either a 78 or a 650 of E 6 , both of which contain an SO(10) singlet with U(1) charge 0. These can be generated as composites from the 27 and 27, since 27 × 27 = 1 + 78 + 650, but under vector exchange the formation of a singlet composite is predicted. However, since 27 × 27 ⊃ 27 and, in SU(3), 3 × 3 ⊃ 3, exchange of a (3, 27) from the first stage of symmetry breaking can mediate the process (3, 27) + (3, 27) → (3, 27) + (3, 27), leading to an (8,650) composite as the most attractive channel. This not only breaks E 6 to SO(10), but also breaks the SU(3) flavor symmetry to SU(2) × U(1), as needed to separate the third family from the first two.
Next, consider the breaking of SO(10). Breaking of SO (10) and 27, and of electroweak scale composites induced by the exchange of these Higgs.
We see that by using the idea of boson exchange induced composites, we can find a dynamical symmetry breaking chain leading from E 8 to the standard model. At each stage of the symmetry breaking chain, we have shown that there is a scalar exchange force that contributes in addition to the vector gluon exchange force; if these scalar exchange forces are strong enough, the singlet channel will be repulsive in all cases [27 × 27 in E 6 , 16 × 16 in SO(10), 5 × 5 and 10 × 10 in SU (5)], preventing the formation of chiral symmetry breaking singlet condensates that give the fermions GUT scale masses. This analysis is of course schematic; to complete it will require a detailed study of the dynamics of composite formation, including the competition between scalar and vector exchange forces, which determines which scalar-scalar and fermion-fermion channels form composites.
If condensates form only in scalar-scalar channels, and in fermion-fermion channels involving real irreducible representations [14] , all chiral symmetries of fermions in complex representations remain unbroken down to the electroweak scale. Hence there are signatures that should serve to experimentally distinguish the model presented here from supersymmetric extensions of the standard model.
